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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract
The pap r considers multilayer co posite nano-structured Ti-TiN-(Ti,Al,Cr,Si)N c atings for m tal-cutting tools. The coati gs under t e study 
about 80 nm). The 
mechanical characteristics of the coatings were studied, and the tool life tests were carried out for carbide tools with the above coatings for dry 
turning of steel AISI 321(HB 180) at vc = 100, 150, and 200 m/min (f=0.11 mm/rev; ap=0.5 mm). Uncoated tools and tools with Ti-(Ti,Al)N 
coatings of traditional type were used as objects of comparison. The studies have found out that coatings with thinner nanolayers demonstrate 
better performance properties, especially at higher cutting speeds.
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1. Introduction
Two major directions for improvement of modern 
m ifying coatings are in sophistication of their elemental 
compositions (in particular, multi-component "highly 
entropic" coatings) and of their architectures (in particular, 
nanostructured coatings) [1-3]. These two directions are often 
combined with each other. In recent years, nanocomposite and 
nanostructured coatings of various elemental compositions 
and different spheres of application have been studied 
extensively. Liu et al [4] consider nanocomposite 
(Cr,Cu,Ag)N coating, deposited through pulsed DC 
unbalanced magnetron sputtering. Lawal et al [5] study multi-
component nanostructured PVD (Al,Ni,Ti,Si,B)N coating. 
Monclus et al [6] consider nanocomposite (Cr,Cu)N and 
(Cr,Ti,Cu,B)N coatings. Bobzin et al [7] studied the properties 
of PVD (Ti,Hf)N-CrN coating with nanostructured external 
layer, use  for tools designed for metal forming processes. 
Blinkov and Volkhonskii [8] consider multilayer 
nanostructured PVD (Ti,Al)N-(Zr,Nb)N-CrN coating. The 
changes in rotation speed of coated samples relative to 
sputtered cathodes contributed to formation of various 
thicknesses of nanolayers, starting from 10 nm. Steyer et al [9] 
studied superlattice TiN-CrN coating. It is found out that a 
coating with nanostructure is more resistant to oxidation and 
aqueous corrosion. Baker et al [10,11] studied properties of 
nanocomposite PVD (Ti,Al)B,N coatings. A tool with the 
above coating showed good results in wet-cutting drill tests. In 
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1. Introduction
Two major directions for improvement of modern 
modifying coatings are in sophistication of their elemental 
compositions (in particular, multi-component "highly 
entropic" coatings) and of their architectures (in particular, 
nanostructured coatings) [1-3]. These two directions are often 
combined with each other. In recent years, nanocomposite and 
nanostructured coatings of various elemental compositions 
and different spheres of application have been studied 
extensively. Liu et al [4] consider nanocomposite 
(Cr,Cu,Ag)N coating, depos ted rough pulsed DC 
unbalanced magnetron sputtering. Lawal t al [5] study multi-
component nanostructured PVD (Al,Ni,Ti,Si,B)N coating. 
Monclus et al [6] consider nanocomposite (Cr,Cu)N and 
(Cr,Ti,Cu,B)N coatings. Bobzin et al [7] studied the properties 
of PVD (Ti,Hf)N-CrN coating with nanostructured external 
layer, used for tools designed for metal forming processes. 
Blinkov and Volkhonskii [8] consider multilayer 
nanostructured PVD (Ti,Al)N-(Zr,Nb)N-CrN coating. The 
changes in rotation speed of coated samples relative to 
sputtered cathodes contributed to formation of various 
thicknesses of nanolayers, starting from 10 nm. Steyer et al [9] 
studied superlattice TiN-CrN coating. It is found out that a 
coating with nanostructure is more resistant to oxidation and 
aqueous corrosion. Baker t al [10,11] studied properties o  
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above coating showed good results in wet-cutting drill tests. In 
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the given coating, grain size and grain separation were 
determined to be 26 and 3 nm, respectively. Sergevnin et al 
[12,13] studied nanostructured multilayer (Ti,Al)N Mo2N 
coatings. Thickness of nanolayers and grain size in the coating 
reached 30 50 nm. Steyer et al [14] considered 
nanomultilayer TiN/CrN and (Ti,Si)N nanocomposite 
coatings. In particular, it is shown that high oxidation 
resistance of (Ti,Si)N is attributable to the network of 
refractory SiNx, which acts as a diffusion barrier for oxygen 
and insulates the highly reactive TiN nanograins from the 
aggressive atmosphere. Araujo et al [15] studied nano-scaled 
multilayer CrN-NbN with thickness of nanolayers of 20 nm, 
10 nm, 7.5 nm and 4 nm. It is found out that when thickness of 
nanolayers decreases, hardness increases, coefficient of 
friction decreases, and resistance to cohesive failure increases.
Kovalev et al [16] studied nanostructured (Al,Ti)N and 
(Ti,Al,Cr)N PVD coatings. It is found out that grain sizes for 
such coatings reach 5 20 nm. Cutting tests were conducted 
when turning hardened tool steel H13 (HRC 50 52) and 
aerospace materials. It is found that nanostructured 
(Ti,Al,Cr)N coating shows the best results in machining of 
steel, while it is characterized by higher hot hardness and 
oxidation stability at high temperatures. In turn, Yamamoto et 
al [17] showed that due to introduction of Cr to the Ti Al N 
system, the cubic B1 structure can be stabilized at a higher Al 
content. Fox-Rabinovich et al [18] investigated properties of 
PVD (Al,Ti)N and (Ti,Al,Cr)N coatings in machining of hard-
to-cut materials (end milling of hardened H 13 tool steel and 
Ni-based superalloy). It is found out that (Ti,Al,Cr)N coating 
with grain sizes of 10-30 nm shows the best results in 
machining of hardened H 13 tool steel, since it is 
characterized by combination of high hot hardness and 
improved oxidation resistance at elevated temperatures. In 
subsequent studies, Fox-Rabinovich et al [19] investigated 
nanostructured PVD (Ti,Al,Cr,Si,Y)N and (Ti,Al,Cr,Si,Y)N-
(Ti,Al,Cr)N coatings. It is shown that multilayer coating is 
characterized by better wear resistance than monolayer 
coating, while multilayer coating demonstrates more stable 
wear mechanism. Kumar et al [20] consider nanostructured 
multilayer (Ti,Al,Si)N-(Ti,Si)N-(Ti,Al)N coating, deposited 
through DC reactive magnetron sputtering (DCRMS). The 
coating proved to be markedly superior to (Al,Ti)N and 
(Al,Cr)N coatings during hard machining of AISI 52100 steel 
(62 HRC). Multilayer composite coatings of various 
compositions and archtectures were also studied in [21 27]. 
The effect produced by thickness of nanolayers on 
performance properties of multilayer composite Ti-TiCN-(Ti, 
Al)CN coating was studied in [28]. However, it should be 
noted that the effect produced by thickness of nanolayers in 
modifying coatings on performance properties of metal-
cutting tools was investigated in few studies only.
2. Materials and Methods
For the deposition of coatings, a vacuum-arc VIT-2 unit 
was used, which was designed for the filtered cathodic 
vacuum-arc deposition (FCVAD) process [21-29]. The 
parameters for deposition of Ti-TiN-(Ti,Al,Cr,Si)N coatings 
are identical, and they differ only by rotation speeds of 
planetary table, which is 3 rev/min and 7 rev/min, 
respectively. The higher rotation speed forms lower thickness 
of nanolayers. For microstructural studies of samples of 
carbide substrates with coatings, a scanning electron 
microscope (SEM) FEI Quanta 600 FEG with energy-
dispersive X-ray spectroscopy (EDS) equipment was used.
The hardness (HV) of coatings was determined by measuring 
the indentation at low loads according to the method of Oliver 
and Pharr [30].
The tests of coating adhesion strength were carried out on a 
Nanovea M1 scratch test tester according to [31].
Austenitic steel AISI 321 (HB 180) is widely used in 
manufacture of products operating in different corrosive 
media (acid, alkali, salt solutions) in the chemical industry, 
food industry, and civil building, but it also presents an 
increased interest in machine constructions and households.
However, mechanical machining of steel AISI 321 presents a 
certain difficulty.
The cutting tests were conducted on a CU 500 MRD lathe in 
longitudinal turning of steel AISI 321. For the study, the 
cutters featured mechanical fastening of carbide inserts 
(WC+12% TiC+5% Co; Kirovgrad Carbide Plant KZTS) 
with square shape (SNUN ISO 1832:2012).The following 
geometry o -6 ; K = 
45 R = 0.4 mm. The tests were conducted in 
longitudinal steel at cutting speeds vc =100, 150  and 200 
m/min; f=0.11 mm/rev; ap=0.5 mm. Flank wear land VBmax = 
0.4 mm was taken as a wear criterion.
3. Results and Discussion
The conducted investigation of microstructure of the coatings 
under the study found that they have fairly uniform structures 
with clearly detected nanolayers. There are almost no internal 
defects (microdroplets, micropores, etc.) in structure of the 
coatings, although their surfaces include microdroplets 
formed at the final stage of the coating deposition (Fig. 1.). 
Unlike microdroplets embedded in the coating structure, such 
superficial microdroplets do not usually pose significant threat 
to performance of coated tools [25, 26].
Fig. 1. Microstructure of superficial layer of a tool with Ti-TiN-
(Ti,Al,Cr,Si)N coating.
The investigation of thickness and microstructure of the Ti-
TiN-(Ti,Al,Cr,Si)N coatings under the study and the 
"reference" Ti-(Ti,Al)N coating is presented in Fig. 2. Ti-
(Ti,Al)N coating has no nanostructure, and its typical 
columnar structure can be clearly seen. The Ti-TiN-
(Ti,Al,Cr,Si)N coatings under the study have clear 
nanostructures with nanolayer thickness of about 40 and 80 
nm, respectively.
Author name / Procedia CIRP 00 (2018) 000 000 3
Fig. 2. Micro- and nanostructure of the coatings under the study.
The mechanical properties of the coatings under the study 
are presented in Table 1. The investigation of the mechanical 
properties did not detect any noticeable difference in these 
properties of Ti-TiN-(Ti,Al,Cr,Si)N coatings with different 
thickness of nanolayers.
Table 1.Mechanical properties of coatings under study.
# Composition of coating Adhesion,N Hardness HV, GPa
1 Uncoated - -
2 Ti-(Ti,Al)N 31 26
3 Ti-TiN-(Ti,Al,Cr,Si)N (80 nm) >40 28
4 Ti-TiN-(Ti,Al,Cr,Si)N (40 nm) >40 28
The results of the cutting tests are presented in Fig.3 and 4.
a b
Fig. 3. Relation between flank wear 
land VB and cutting time at cutting 
speed vc = 100(a), 150 (b), and 200 (c) 
m/min (f=0.11 mm/rev; ap=0.5 mm).
c
Cutting tools with nanostructured composite Ti-TiN-
(Ti,Al,Cr,Si)N coatings showed significantly longer tool life 
both in comparison with uncoated tools and tools with 
monolayer Ti-(Ti,Al)N coating. Meanwhile, with an increase 
in cutting speed, the difference in tool life grows. At cutting 
speed vc = 200 m/min, it is not possible to use an uncoated 
tool, since the tool reaches its wear limit already after the first 
minute of cutting, while coated tools show the tool life 
sufficient to use them under these cutting modes. If at cutting 
speed vc = 100 m/min, tools with Ti-TiN-(Ti,Al,Cr,Si)N 
coatings with various thickness of nanolayers show very 
similar values of tool life, then at cutting speed vc = 200 
m/min, a tool with Ti-TiN-(Ti,Al,Cr,Si)N coating with thinner 
nanolayers (40 nm) shows markedly longer tool life than a 
tool with coating of similar composition and thicker 
nanolayers (80 nm).
Fig. 4. Dependence of tool life from 
cutting speed.
One of the possible causes affecting the difference in wear 
resistance of the coatings under the study at high cutting 
speeds may be in dissimilarity of wear mechanism typical for 
these coatings. Fig. 5 presents microphotographs of cross 
section of a worn coated tool in the area directly adjacent to 
cutting edge. It can be seen that cracks are actively formed on 
a tool with coating characterized by nanolayer thickness of 80 
nm, while in some cases, these cracks are embedded in 
structure of carbide substrate (Fig. 5 a). Meanwhile, the study 
of a similar area of a tool with coating characterized by 
nanolayer thickness of 40 nm, no formation of such cracks is 
observed, and balanced wear occurs without noticeable brittle 
fracture. This phenomenon can be explained by higher crack 
resistance of coatings with thinner nanolayers, and that in turn 
may be related to a lower level of internal stresses in such 
coatings [25, 26]. Considering the fact that with an increase in 
cutting speed (within the given speed range), the temperature 
in the cutting zone grows, thermal stresses in superficial 
layers of a tool, and in particular, in coating, also increase 
noticeably. A coating with thinner nanolayers demonstrates 
higher wear resistance under the given conditions.
a
b
Fig. 5. Difference in the mechanism of failure in Ti-TiN-(Ti,Al,Cr,Si)N 
coatings with various thickness of nanolayers in the area directly adjacent to 
the cutting edge. Coatings with thickness of nanolayers of 80 nm (a) and 40 
nm (b).
Conclusion
Mechanical and cutting properties of tools with Ti-TiN-
(Ti,Al,Cr,Si)N coatings with various thickness of nanolayers 
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the given coating, grain size and grain separation were 
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coatings. Thickness of nanolayers and grain size in the coating 
reached 30 50 nm. Steyer et al [14] considered 
nanomultilayer TiN/CrN and (Ti,Si)N nanocomposite 
coatings. In particular, it is shown that high oxidation 
resistance of (Ti,Si)N is attributable to the network of 
refractory SiNx, which acts as a diffusion barrier for oxygen 
and insulates the highly reactive TiN nanograins from the 
aggressive atmosphere. Araujo et al [15] studied nano-scaled 
multilayer CrN-NbN with thickness of nanolayers of 20 nm, 
10 nm, 7.5 nm and 4 nm. It is found out that when thickness of 
nanolayers decreases, hardness increases, coefficient of 
friction decreases, and resistance to cohesive failure increases.
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such coatings reach 5 20 nm. Cutting tests were conducted 
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aerospace materials. It is found that nanostructured 
(Ti,Al,Cr)N coating shows the best results in machining of 
steel, while it is characterized by higher hot hardness and 
oxidation stability at high temperatures. In turn, Yamamoto et 
al [17] showed that due to introduction of Cr to the Ti Al N 
system, the cubic B1 structure can be stabilized at a higher Al 
content. Fox-Rabinovich et al [18] investigated properties of 
PVD (Al,Ti)N and (Ti,Al,Cr)N coatings in machining of hard-
to-cut materials (end milling of hardened H 13 tool steel and 
Ni-based superalloy). It is found out that (Ti,Al,Cr)N coating 
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was used, which was designed for the filtered cathodic 
vacuum-arc deposition (FCVAD) process [21-29]. The 
parameters for deposition of Ti-TiN-(Ti,Al,Cr,Si)N coatings 
are identical, and they differ only by rotation speeds of 
planetary table, which is 3 rev/min and 7 rev/min, 
respectively. The higher rotation speed forms lower thickness 
of nanolayers. For microstructural studies of samples of 
carbide substrates with coatings, a scanning electron 
microscope (SEM) FEI Quanta 600 FEG with energy-
dispersive X-ray spectroscopy (EDS) equipment was used.
The hardness (HV) of coatings was determined by measuring 
the indentation at low loads according to the method of Oliver 
and Pharr [30].
The tests of coating adhesion strength were carried out on a 
Nanovea M1 scratch test tester according to [31].
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manufacture of products operating in different corrosive 
media (acid, alkali, salt solutions) in the chemical industry, 
food industry, and civil building, but it also presents an 
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Fig. 1. Microstructure of superficial layer of a tool with Ti-TiN-
(Ti,Al,Cr,Si)N coating.
The investigation of thickness and microstructure of the Ti-
TiN-(Ti,Al,Cr,Si)N coatings under the study and the 
"reference" Ti-(Ti,Al)N coating is presented in Fig. 2. Ti-
(Ti,Al)N coating has no nanostructure, and its typical 
columnar structure can be clearly seen. The Ti-TiN-
(Ti,Al,Cr,Si)N coatings under the study have clear 
nanostructures with nanolayer thickness of about 40 and 80 
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Fig. 2. Micro- and nanostructure of the coatings under the study.
The mechanical properties of the coatings under the study 
are presented in Table 1. The investigation of the mechanical 
properties did not detect any noticeable difference in these 
properties of Ti-TiN-(Ti,Al,Cr,Si)N coatings with different 
thickness of nanolayers.
Table 1.Mechanical properties of coatings under study.
# Composition of coating Adhesion,N Hardness HV, GPa
1 Uncoated - -
2 Ti-(Ti,Al)N 31 26
3 Ti-TiN-(Ti,Al,Cr,Si)N (80 nm) >40 28
4 Ti-TiN-(Ti,Al,Cr,Si)N (40 nm) >40 28
The results of the cutting tests are presented in Fig.3 and 4.
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Fig. 3. Relation between flank wear 
land VB and cutting time at cutting 
speed vc = 100(a), 150 (b), and 200 (c) 
m/min (f=0.11 mm/rev; ap=0.5 mm).
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Cutting tools with nanostructured composite Ti-TiN-
(Ti,Al,Cr,Si)N coatings showed significantly longer tool life 
both in comparison with uncoated tools and tools with 
monolayer Ti-(Ti,Al)N coating. Meanwhile, with an increase 
in cutting speed, the difference in tool life grows. At cutting 
speed vc = 200 m/min, it is not possible to use an uncoated 
tool, since the tool reaches its wear limit already after the first 
minute of cutting, while coated tools show the tool life 
sufficient to use them under these cutting modes. If at cutting 
speed vc = 100 m/min, tools with Ti-TiN-(Ti,Al,Cr,Si)N 
coatings with various thickness of nanolayers show very 
similar values of tool life, then at cutting speed vc = 200 
m/min, a tool with Ti-TiN-(Ti,Al,Cr,Si)N coating with thinner 
nanolayers (40 nm) shows markedly longer tool life than a 
tool with coating of similar composition and thicker 
nanolayers (80 nm).
Fig. 4. Dependence of tool life from 
cutting speed.
One of the possible causes affecting the difference in wear 
resistance of the coatings under the study at high cutting 
speeds may be in dissimilarity of wear mechanism typical for 
these coatings. Fig. 5 presents microphotographs of cross 
section of a worn coated tool in the area directly adjacent to 
cutting edge. It can be seen that cracks are actively formed on 
a tool with coating characterized by nanolayer thickness of 80 
nm, while in some cases, these cracks are embedded in 
structure of carbide substrate (Fig. 5 a). Meanwhile, the study 
of a similar area of a tool with coating characterized by 
nanolayer thickness of 40 nm, no formation of such cracks is 
observed, and balanced wear occurs without noticeable brittle 
fracture. This phenomenon can be explained by higher crack 
resistance of coatings with thinner nanolayers, and that in turn 
may be related to a lower level of internal stresses in such 
coatings [25, 26]. Considering the fact that with an increase in 
cutting speed (within the given speed range), the temperature 
in the cutting zone grows, thermal stresses in superficial 
layers of a tool, and in particular, in coating, also increase 
noticeably. A coating with thinner nanolayers demonstrates 
higher wear resistance under the given conditions.
a
b
Fig. 5. Difference in the mechanism of failure in Ti-TiN-(Ti,Al,Cr,Si)N 
coatings with various thickness of nanolayers in the area directly adjacent to 
the cutting edge. Coatings with thickness of nanolayers of 80 nm (a) and 40 
nm (b).
Conclusion
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(40 and 80 nm) were investigated. The conducted 
investigations found out that while the mechanical properties 
of these coatings (microhardness and strength of adhesion 
bond to substrate), investigated at room temperature, showed 
no noticeable differences, cutting properties of tools with such 
coatings clearly differ. Meanwhile, with an increase in cutting 
speed, the difference in tool life grows. A tool with coating 
characterized by thinner nanolayers (40 nm) showed the 
longest tool life at all studied cutting speeds (vc = 100, 150, 
and 200 m/min). The studies of microstructure of superficial 
layers of a worn tool detected more active cracking in tools 
with coatings characterized by thicker nanolayers (80 nm). 
Meanwhile, tools under the study with multilayer composite 
coatings showed significantly higher tool life both in 
comparison with uncoated tools and tools with monolayer Ti-
(Ti,Al)N coating.
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